Objective: Ion channels belonging to subfamily A of voltage-gated potassium channels (K v 1) are highly expressed on axons, where they play a key role in determining resting membrane potential, in shaping action potentials, and in modulating action potential frequency during repetitive neuronal firing. We aimed to study the genesis of seizures caused by mutations affecting K v 1 channels and searched for potential therapeutic targets. Methods: We used a novel in silico model, the laminar cortex model (LCM), to examine changes in neuronal excitability and network dynamics associated with loss-of-function mutations in K v 1 channels. The LCM simulates the activities of a network of tens of thousands of interconnected neurons and incorporates the kinetics of 11 types of ion channel and three classes of neurotransmitter receptor. Changes in two types of potassium currents conducted by K v 1 channels were examined: slowly inactivating D-type currents and rapidly inactivating A-type currents. Effects on neuronal firing rate, action potential shape, and neuronal oscillation state were evaluated.
pression of AMPA receptors. 6, 8, 9 These changes have mixed effects on the excitability of neurons, and the mechanisms by which LGI1 mutations cause epilepsy remain elusive. K v 1.1 and K v 1.2 potassium channels activate rapidly at relatively low voltage (<−40 mV). 11 Most of these channels inactivate slowly and contribute to long-lasting D-type currents. However, when they co-assemble with K v 1.4 or auxiliary K v β1 subunits, they display rapid inactivation, contributing to transient A-type currents. Hence, loss of K v 1.1 or K v 1.2 channels reduces both D-type and A-type currents.
In the present paper, we decided to study seizure genesis in epilepsies associated with loss-of-function mutations in K v 1 channels using computer simulations based on the laminar cortex model (LCM). 12, 13 The LCM is a computational framework designed to simulate the activities of a thalamocortical network comprising tens of thousands of interconnected neurons. The model incorporates a realistic synaptic connection map, thalamocortical architecture, and 11 neuron types, with distinct action potential firing behaviors, into an integrated simulation framework. Neuron behaviors incorporate the kinetics of 11 types of ion channel as well as shortterm synaptic plasticity. These features allow us to model the effects of changes in ion channel properties associated with gene defects realistically. We use the LCM to examine the effects of KCNA1, KCNA2, and LGI1 mutations on neuronal excitability and network dynamics. To search for potential therapeutic targets, we performed a systematic parameter scan to identify those that can be tuned to reverse the effects of the gene mutations.
| EXPERIMENTAL PROCEDURES
In this section, we briefly introduce the architecture of the LCM and outline the parameters used to describe ion channel kinetics.
| Ion channel kinetics
In the LCM, a neuron consists of several connected segments, which are modeled as a small cylindrical compartment with a set of ion channels (see Figure 1 ). The membrane potential of a segment is driven by ion channel currents and postsynaptic currents, stated as where V m,i and V m,j are the membrane potentials of the segments i and j, respectively; c m,i = C m A i is the total membrane capacitance for a segment with surface area A i and specific membrane capacitance C m , and is set to 0.9 μF/cm 2 ; 14 g IC is the total conductance of ion channel IC; E A is the reversal potential of the corresponding ion; g sy and E sy are the total conductance and reversal potential of synapse sy, respectively; and g ij is the intracellular conductance between segment i and j. The last summation in the right hand of Equation (1) is performed over all segments that are connected to segment i. The LCM simulates one type of leaking currents and eleven types of voltage-gated ion channel for three ion species (sodium, potassium, and calcium). 15 The kinetics of the ion channels are modeled using the Hodgkin-Huxley method. The currents passing through an ion channel are given by:
where g is the temporally varying conductance, g is its peak conductance; 0 ≤ m, h ≤ 1 are the activation and inactivation probabilities, respectively, with h = 1 for non-activating ion channels; n = 1, 2, 3, or 4 is the power of activation probability; 0 ≤ G≤1; is the gating probability, dependent on mechanisms other than membrane potential, and is set to 1 for ion channels that are only activated and inactivated by membrane potentials. The voltage dependence of the activation and inactivation probabilities is adopted from the work of Hay et al 16 and listed in the Supplementary Information ( Figure S1 and Data S1). An iteration equation of membrane potentials is drawn from Equation (1): where t n is the time at iteration step n, ∆t n is the size of the iteration step, and V ss and τ M are the steady value and time constant of the membrane potential with values given by:
In the LCM, Equations (4) and (5) are used to update membrane potentials of segments repetitively in discrete time steps. The LCM adopts variable time steps, and the size of an iteration step depends on the second-order derivative of membrane potential, Δt = √ 0.01∕2V �� m . The time step is capped within 0.02 and 0.1 ms.
For calcium-dependent potassium currents (g K(Ca) and g K(AHP) ), the intracellular calcium concentration is modeled using.
where i Ca is the calcium current, γ is a coefficient characterizing concentration change caused by the currents, set to 0.002 μmol/ L·cm 2 /(ms·μA), 17 and Cai is the ion concentration recovery time constant, set to 80 ms. 
| Synaptic transmission and shortterm plasticity
Short-term synaptic plasticity of the PSC is incorporated into the model. Three types of neurotransmitter receptors are simulated: AMPA, NMDA, and GABAA. Postsynaptic currents triggered by a spike are given by:
where N sy is the number of synapses, E sy is the reverse potential, set to 0 mV for AMPA and NMDA receptors and to −80 mV for GABAA receptors, R(t) is the time course of postsynaptic currents, modeled using a bi-exponential function (see Du et al 12 ) , and g sy is temporally varied conductance of the receptors, determined using:
where g sy is the peak conductance of a synapse, n sy is the occupancy of the neurotransmitter pool in the presynaptic terminals and has a value between 0 and 1, p sy is the portion of the neurotransmitter released upon the arrival of presynaptic spikes, f(V m,post ), is a factor describing the PSC dependency on the membrane potential of the postsynaptic neurons (V m,post see below). Occupancy of the neurotransmitter pool V sy is reduced by presynaptic spikes and recovers with time and is described by:
where τ sy is the time constant characterizing the neurotransmitter pool recovery speed, δ(t-t 1 ) is the delta function, which is 1 when t = t j and 0 otherwise and t j is the arrival time of presynaptic spikes. The conductance of AMPA and GABAA receptors is assumed to be dependent on postsynaptic membrane potential V m,post , (ie, f(V m,post ) in Equation (7) 
| Local field potential computations
Local field potentials at the center of the stimulated cortical area are computed using:
where σ is the conductivity of the cerebrospinal fluid, which is set to 1.56 S/m, 19 l i are the total currents generated by a segment including leaking currents, ionic channel currents, and postsynaptic currents, r i is the distance between the local field potentials (LFP) measurement location and the segment, and the summation runs over all the segments of all neurons in the model. The LFPs computed using Equation (11) are dominated by the activities of a small number of neurons around the electrode. To measure the overall network activity, we manually set r i to 100 µm whether they are smaller than 100 µm.
| Computer simulation
The simulation program was written using the C++ language and compiled with the Intel C++ compiler (http:// softw are.intel.com/intel-compi lers/, version 19.03). The program was compiled and executed on the Tinaroo computing facilities provided by the Research Computing Center at the University of Queensland. OpenMP (http:// www.openmp.org), a shared-memory parallel programming library, was used to parallelize the code to speed up program execution. The authors wish to provide the
program for the purpose of validating the results reported here.
| RESULTS

| Laminar cortex model with ion channel kinetics
The features of the LCM are summarized in Figure 1 . activates at a higher voltage than I KA2 , and unlike I KA2 , I KA1 has two inactivation processes with time constants around 8 and 40 ms 22 The activation and inactivation thresholds and time constants of the ion channels are shown in Figure  2A , and additional details are provided in Supplementary Information ( Figure S1 and Data S1). A weighted segment model was used to reduce the computational complexity of iteratively updating membrane potentials. A segment in the LCM incorporates most of the features of the compartment model implemented in the NEURON platform, 24 including passive electrical properties, ion channel kinetics, and inter-segment conductance. Two additional features of each segment are a dendrite field and a weight factor. The dendrite field is a cylindrical space in which synapses are distributed around the segment. We assumed that the dendrites are purely passive, allowing their effects on postsynaptic currents to be modeled by an exponential decay function. 25 A segment may connect to several segments with identical biophysical properties. To avoid simulating multiple identical segments, we introduced a weight factor to the segment (see Figure 1A) . This controls the conductances between segments so that a segment with a weight of n is equivalent to n identical segments when connecting to another segment (see Figure 1A and Supplementary Information Figure S1 and Data S1). The simplified neuron shapes used in the LCM are shown in Figure 1D . Cortical neurons display several firing patterns, such as regular-spiking (RS), fast-spiking (FS), and intrinsic bursting (IB). To mimic these firing patterns, we configured each neuron class with a range of ion channel conductances and stimulated it with a 500-ms current injection into the soma. We tested a series of current amplitudes from 0 to 1000 pA to determine the relationship between neuronal firing rate and current amplitude (ie, F-I curve). We measured five quantities for each test: (a) the slope of the F-I curve, determined using a linear regression; (b) the firing rheobase, the minimum current required to elicit a spike; (c) inter-spike intervals (ISI), (d) AP height and (e) AP width at −20 mV. Typical firing behaviors and F-I relations of neurons are shown in Figure 2B ,C. Firing behaviors aligned with experimental observations.
26-28
| Impact of K v 1 loss on neuronal excitability
We first examined how the loss of K v 1.1 and K v 1.2 channels affected neuronal excitability. We considered two changes, decreases in D-type conductance (g KD ) and decreases in axonal A-type conductance (g KA1 ). Effects on neuronal excitability were tested in the absence of synaptic inputs in five neuron types: pyramidal neurons in layer II/III (P2/3), IV (P4), V (P5), and VI (P6), and spiny stellate neurons in layer IV (SS4). The results are shown in Figure 3 . Decreases in axonal A-type conductance, g KA1, did not significantly affect the excitability of all the tested neurons. They only slightly
F I G U R E 3 Characteristics of neuronal firing with reduced D-type (K D )
and axonal A-type (K A1 ) potassium currents. Shown are the slopes of F-I curves (A), firing rheobases (B), action potential widths (C), and firing rates with 0.5 nA of currents injected into the soma (D) with reduced peak conductance for D-type (g KD ) and axonal A-type (g KA1 ) potassium currents, and the F-I relationship (E) with reduced g KD produced in the five excitatory cortical neuron types: pyramidal neurons in layer II/III (P2/3, the first column), IV (P4, the second column), V (P5, the fourth column), and VI (P6, the fifth column), and spiny stellate neurons in layer IV (SS4, the third column). The conductance is shown as percentages of the corresponding "normal" values. The inserted figure in (B) displays the spontaneous firing rate for P5 neuron, and the inserted figures in (E) are the magnified pictures for the corresponding indicated regions
changed the firing rates and action potential widths when I KD was extremely low (<70% of its normal value). However, reducing g KD dramatically increased the excitability of all neurons and, g KD modulated the F-I slopes of the neurons. In all neuron types except P5, F-I slopes increased by approximately 10%-20% when D-type conductance was halved, and further reductions decreased the F-I slopes in pyramidal neurons, but not in SS4 neurons. Reducing I KD also lowered firing rheobases. These decreased by 13% in the P2/3, P4, and P6 neurons and by 33% in the SS4 neuron when g KD was halved. The P5 neuron, which is configured to have a low firing rheobase (<10 pA), fired spontaneously with reduced g KD . The spontaneous firing rate (f 0 ) increased as the conductance decreased. Reducing g KD also widened APs. A 50% reduction in g KD increased AP width by about 20% in all neurons. When g KD was gradually decreased, the firing behaviors of the pyramidal neurons did not change in a continuous fashion. Small to medium reductions in g KD (< 60%) displayed a dominant effect of lowered firing rheobase and increased AP width, whereas increases in firing rate were relatively small. Large g KD reductions displayed more significant effects on firing rates than on firing rheobases or AP width. Suppression of seizures caused by the loss of K v 1.1 and K v 1.2 channels requires the effects of reduced g KD to be counteracted. To search for parameters with the potential to reverse the effects of reduced g KD , we systematically varied the conductance of ion channels while decreasing g KD . Reducing persistent sodium conductance (g NaP ) compensated for the effects of reduced g KD . Figure 4 shows neuron firing characteristics when both g KD and g NaP are reduced. F-I slopes decreased for g NaP reductions up to 50%, with further reductions increasing the slopes (refer to Figure 4B ). Reduced g NaP also dramatically increased firing rheobases, and significantly reduced the width of APs in all neurons. Herein, AP widths increased with small I NaP reductions and decreased for large I NaP reductions. As such, we estimated the reduction in g NaP required to restore the neuronal changes caused by reductions in g KD . For example, to compensate for a 50% reduction in g KD , less than 25% reduction in g NaP was sufficient to restore the F-I slopes to baseline values, and around 25% reduction was required to restore the rheobases. A further 25% reduction was necessary to restore AP widths in most neuron types except SS4. The required reductions in g NaP varied significantly across neuron types. It was much higher in SS4 neurons, which have the highest density of D-type channels, than in other neuron types.
| Impacts of K v 1 loss on network dynamics
We incorporated the neuronal changes related to reduced D-type current into the LCM to examine effects on neuronal network dynamics. We first reduced the peak D-type conductance in the axon initial segment of all neurons by 25%, 50%, and 75%. The LCM automatically incorporates the changes in F-I slope, firing rheobase, and firing rate. To simulate effects of widened APs on neurotransmitter release, we also increased the value of neurotransmitter release probability (p sy ) in excitatory synapses following the arrival of an AP from 0.6 to 0.8 and 1. The LCM was then used to simulate 20 000 neurons in a 0.5 x 0.5 mm 2 cortical area, reflecting a neuron density similar to that of the cerebral cortex. 29 Local field potentials in the center of the region were generated using the LCM and used to quantify neuronal oscillations. We defined seizure-like activity as LFPs with a mean power spectrum density (PSD) in the 2-20 Hz frequency band exceeding 2.0 µV/Hz; an example is shown in Figure 5B . We measured seizure threshold by systematically varying the conductance of inhibitory synapses. Based on estimates from previous experiments, we set the "normal" conductance to 0.5 nS for AMPA receptors, 30 to 0.4 nS for NMDA receptors, 30 and to 0.8 nS for GABAA receptors. 31 The seizure threshold was defined as the amount of reduction in GABAA receptor conductance (g GABAA ) required to induce seizure-like activity. For a neuronal network with "normal" ion channel and receptor function, seizure-like activity was observed when g GABAA was reduced to 0.38 nS, that is, the seizure threshold was 0.42 nS. Reductions in g KD significantly lowered the seizure threshold to 0.36 nS for a 25% reduction, to 0.14 nS for a 50%
F I G U R E 4
Characteristics of neuronal firing with reduced D-type potassium currents (K D ) and persistent sodium currents (Na P ). Shown are the firing rheobases (A), the F-I slopes (B), and action potential width (C) obtained with reduced peak conductance for D-type (g KD ) potassium currents and persistent sodium currents (g NaP ) in the three excitatory cortical neuron types: pyramidal neurons in layer II/III (P2/3), spiny stellate neurons in layer IV (SS4), pyramidal neurons in layer V (P5). The conductance is shown as percentages of the corresponding "normal" values reduction, and to almost zero for a 75% reduction. Increases in p sy also lower the seizure threshold but only modestly. The seizure threshold decreased from 0.42 nS to 0.36 nS when p sy was increased from 0.6 to 0.8, and to 0.28 nS when p sy was set to 1. We additionally examined two mechanisms that are potentially capable of compensating for the effects of reduced D-type currents: blocking NMDA receptors (g NMDA ) or persistent sodium conductance (g NaP ). We tested the effects of reducing g NMDA and g NaP in a neuronal network with g KD halved.
We found that the seizure threshold increased by only 0.14 nS when g NMDA was decreased from 0.4 to 0.1 nS, but blocking persistent sodium currents significantly increased seizure threshold. A 25% decrease in g NaP was enough to restore seizure threshold to the "normal" value (~0.4 nS), and further g NaP reductions continuously increased seizure threshold.
| DISCUSSION
We studied seizure generation in epilepsies associated with mutations affecting K v 1 channels using the LCM simulation platform. K v 1.1 and K v 1.2 are the most abundant potassium channels in the axon. They activate rapidly at a relatively low voltage compared to other potassium channels, allowing them to be an important determinant of firing thresholds in neurons. Our simulations suggest that decreases in D-type currents lead to lower firing rheobase, higher firing rate, and wider APs. Thereby, decreases in D-type currents are the most important contributing factor to seizure generation in epilepsies associated with loss of function in K v 1.1 and K v 1.2 channels.
Previous studies on synaptic function in LGI1 knockout mice have yielded conflicting results with both enhanced excitatory transmission and reduced AMPA receptor function being reported. 6, [8] [9] [10] [11] increases Ca 2+ -activated potassium currents. 38 The four effects are all desirable for treating epilepsy associated with loss of K v 1.1 and K v 1.2 channels. Our simulation suggests that a 25% reduction in persistent sodium currents is sufficient to restore the seizure threshold of neuronal network with halved D-type currents. A previous experiment found 10 µmol/L of riluzole almost completely blocked the persistent sodium currents, and a 25% reduction requires about 1 µmol/L of riluzole, 35 which corresponds to the plasma concentrations of riluzole achieved at the suggested therapeutic dose (2 × 50 mg/d). 39 Sodium currents in neurons are known to contain many components with distinctive biophysical features. Our simulations modeled both transient and persistent sodium currents. Rapid-activating, rapid-inactivating transient sodium currents account for >90% of the total sodium currents in neurons. They are responsible for the depolarization phase of action potentials and are thus a determinant of firing thresholds and action potential shapes. Rapid-activating, slow-inactivating persistent sodium currents comprise up to 10% of the total sodium currents. They typically activate at subthreshold membrane potentials and enhance repetitive action potential firing and synaptic transmission. 40 Another type of sodium current is the "resurgent current" which is found in ~20, predominantly inhibitory, neuron types. Resurgent currents appear when neurons are repolarized after prolonged depolarization. They are reported to promote spontaneous firing and high-frequency firing of inhibitory neurons and may be a promising antiepileptic therapeutic target. 41, 42 A computer model that includes the unique activation features of resurgent currents is still to be developed. Seizures caused by loss of D-type currents may also be treated using activators of voltage-gated potassium channels. A group of compounds shown to enhance potassium currents through K v 1.1 channels by delaying inactivation of the channels may be a potential treatment for K v 1 channel-related epilepsy. 43 Further work investigating specific pharmacological activators or inhibitors of D-type currents that can be potentially tailored for this application is imperative. Activators of M-type currents could also be used to treat seizures. M-type currents, which are conducted by K v 7.2 and K v 7.3 channels, share many characters with D-type currents. For example, they both activate at a relatively low voltage (around −45 mV), M-type currents are non-inactivating, and D-type currents are slowly inactivating (with a time constant of 1 second), and they are both abundant in the axon initial segment. Agents that enhance M-type currents include flupirtine and its analogue retigabine. [44] [45] [46] [47] [48] Both negatively shift the activation threshold of K v 7.2 and K v 7.3 channels, 49, 50 leading to significant increases in M-type currents during resting and depolarization states. 50 
